Fruit crispness is of great importance in cucumber as well as in other fruit vegetables, because it relates directly to the commercial value of the product. In breeding projects and pre-or postharvest studies of fruit texture, an effective quantification method has been desired to replace rough, qualitative evaluations of fruit texture based solely on human perceptions. We applied several analytical methods to the force-deformation curve to quantify cucumber fruit crispness and assessed the efficacy of these methods as candidate cucumber fruit crispness indicators for use in breeding or research. Texture parameters for the flesh and placenta of 12 cucumber cultivars, based on the crispness index, apparent fractal dimension, and power spectrum and peak analyses, were calculated from mechanical measurement results. There was a significant large genotypic (cultivar) effect on the texture parameter values and a lesser, but still significant, contribution from the environment. Furthermore, we found strong relationships between these texture parameters and sensory crispness. These results indicate that these methods for analyzing the force-deformation curve provide effective, quantitative indicators of fruit crispness, with considerable promise for application in scientific research and breeding programs.
Introduction
Fruit texture can be assessed by using characteristics such as firmness and crispness and is of great importance in cucumber, as well as in other fruit vegetables, because it relates directly to the commercial value of the product. Thus, many researchers have sought to obtain an appropriate understanding of the genetic and physiological mechanisms that govern texture (Jones et al. 1954 , Goffinet 1977 , Peterson et al. 1978 , Kanno and Kamimura 1980 , Suojala-Ahlfors 2005 , Sakata et al. 2008 . Breeding efforts to improve fruit texture, although somewhat successful, have been based largely on rough, qualitative evaluations of fruit texture. However, the subjective evaluation of texture based solely on human perception, which is currently the most common method, sometimes results in unacceptable errors, and training and experience are required for accurate, consistent assessment because of the subtle variations in fruit texture that result from different genotypes and cultural conditions. In addition, sensory evaluation is complicated by language and word usage differences among different panels, making scientific dissemination difficult. For these reasons, it is vital that we develop methods for quantifying fruit texture of cucumber and other fruit vegetables that can replace trained panels of experts.
The firmness of cucumber fruit has long been quantified by the use of instruments (e.g., Breene et al. 1972 , Kanno and Kamimura 1978 , Thompson et al. 1982 . However, firmness is only one component of texture, and other components, such as crispness and juiciness, also strongly influence fruit texture. Recent improvements in computer and instrument performance may allow researchers to develop new quantitative evaluation methods based on mechanical (Horie et al. 2004) , acoustic (Sakurai et al. 2005) , and bio-rheological (Dan et al. 2003 (Dan et al. , 2004 measurements to replace subjective human judgments. Of the various methods, mechanical measurements such as compression and puncture tests appear to be most easily applied by many researchers and breeders, since these measurements can be performed with common instruments and do not require specially designed devices (Horie et al. 2004) . The force-deformation plots produced by compression and puncture tests can be analyzed either by extracting certain parameters from the signal or by considering the signal as a whole. In the case of cucumber, for example, firmness and other simple parameters have been calculated by using data relating to the first peak of the force-deformation plot (e.g., Kanno and Kamimura 1978) . Another approach has been to collect information from the entire jagged part of the curve. A crispness index in cucumber fruits, for example, has been calculated by secondary differentiation of the curve (Horie et al. 2004) . However, the relationships between these texture parameters and sensory crispness has not yet been demonstrated, and thus there is no quantitative indicator that can replace subjective sensory Meanwhile, as computers have become faster in the last 20 years, and thus the acquisition of digital data from mechanical tests has become possible, novel methods for measuring crispness have been developed for processed cereal foods (Peleg 1997 , Roudaut et al. 2002 . Three main analysis methods for these products have been developed: extracting parameters from each force peak, calculating the power spectrum, and determining the apparent fractal dimension of the signal (Roudaut et al. 2002) . The overall force-deformation plot has been successfully analyzed by these methods, and several reports have suggested relationships between the parameters calculated by these methods and sensory attributes such as crispness, firmness, and fracturability (Barrett et al. 1992 , 1994 , Van Hecke et al. 1998 . Despite the good progress that has been made in quantifying cereal food texture, the effectiveness of these methods for evaluating fruit texture has not yet been demonstrated.
The objective of this study was to assess the efficacy of texture parameters of mechanical measurement as candidate indicators of cucumber fruit crispness for use in breeding or research. To this end, we first applied texture parameters based on the crispness index, apparent fractal dimension, and power spectrum and peak analyses to investigate variability among Japanese cucumber cultivars. Second, we performed sensory tests to evaluate fruit crispness and analyzed relationships between sensory crispness score and texture parameters of mechanical measurements. Finally, we discuss the prospects for the application of the texture parameters to breeding or research of fruit crispness in cucumber.
Materials and Methods

Plant materials
We used 12 cucumber cultivars or lines (Cucumis sativus L.), including five old Japanese cultivars ('Tokiwa', 'Aofushinari', 'Shindome', 'Natsufushinari', 'Sagamihanjiro'), three of the latest commercial F 1 hybrid cultivars ('Hisaki', 'High Green 21', 'Freedom House 2'), two inbred lines developed at the National Institute of Vegetable and Tea Science ('Kyuri chukanbohon nou 4', 'Kyuan 1'), and two other inbred lines derived from the commercial F 1 hybrid cultivars 'Freedom House 2' and 'Encore 10' (FD2-FL, EN10-FL) (hereafter, both cultivars and lines are referred to as "cultivars"). These cultivars were chosen to represent high genetic variability across new and old Japanese cultivars, but regardless of their fruit crispness. For spring cultivation, seeds were sown on 19 February 2008 and the seedlings were transplanted on 12 March. For early summer cultivation, seeds were sown on 3 May 2008 and the seedlings were transplanted on 16 May. For autumn cultivation, seeds were sown on 12 August 2008 and the seedlings were transplanted on 28 August 2008. At the National Institute of Vegetable and Tea Science (Mie, Japan), six plants of each cultivar, arranged in a randomized block design, were grown in a plastic greenhouse. All plants set fruit approximately a month after transplanting. From most plants, we randomly sampled 10 fruits weighing 90 to 120 g, from each plant; a total 2065 fruits were used (700 from the spring, 660 from the early summer, and 705 from the autumn growing seasons).
Acquisition of mechanical data
A transverse slice (15 mm thick) was obtained from only the mid-region of each fruit for mechanical measurements, because in a pilot study we found significant correlations in the mechanical properties among fruit parts from near the stem and distal ends and the mid-region. Each transverse slice was punctured with a Texture Analyzer (Stable Micro Systems Ltd., Surrey, UK) fitted with a 3.0-mm φ plunger. The speed of advance was 150 mm·min −1 , and data were acquired with a resolution of 500 Hz. All samples were punctured lengthwise for a distance of 8 mm; the placenta was punctured once, and the fleshy part was punctured three times. Approximately the middle 2/3 of each forcedeformation curve (puncture depth from 2.5 to 7.6 mm) was saved for analysis.
Data analysis
The acquired data were analyzed in four different ways by using R software (R Development Core Team 2005) . The first method is based on secondary differentiation of the force-deformation curves, as first proposed by Horie et al. (2004) . The parameter thus obtained, called the crispness index (CI), is defined as the total of the absolute values of the second derivatives of the force for arbitrary intervals of the force-deformation curve. The second derivatives and CI were calculated with the following equations.
, and CI = Σ|D 2t | where D 2t is the second derivative at time t, and F t , F t−1 , and F t+1 are force values at times t, t − 1 and t + 1, respectively.
The second method is based on peak analysis of the force-deformation curve, as first proposed by Van Hecke et al. (1998) . The following parameters are determined from the curve:
where N 0 is the total number of peaks, d is the distance of penetration (mm), ΔF is the individual force drop of each peak (N), and A is the area under the force-deformation curve.
The third method is based on fractal analysis of the forcedeformation curve, which has been used to evaluate crispness of processed cereal foods (Peleg 1997, Roudaut et 
. We determined the apparent fractal dimension of each curve by the Richardson plot and box counting methods (Kolmogorov's dimension). In the Richardson plot method, the curve length is calculated as the sum of linear segments, which progressively decrease in size at each iteration (Fig. 1A) . The relationship between the line length at each iteration and the corresponding segment size in logarithmic coordinates is known as a Richardson plot (Fig. 1A) . The apparent fractal dimension of the original curve is the absolute magnitude of the slope of its Richardson plot, plus one. In the box counting method, the number of filled boxes (i.e., boxes drawn on the plane in which at least one point belonging to the curve can be found) is counted, and the box size progressively diminishes at each iteration (Fig. 1B) . The apparent fractal dimension is calculated from the slope of the relationship between the number of filled boxes and the box size (or number of boxes) in logarithmic coordinates (Fig. 1B ). These algorithms are described and explained in greater detail by Russ (1994) and Peleg (1997) .
The fourth method is based on a Fourier power spectrum analysis of the force-deformation curve and has also been used to evaluate crispness of processed cereal food (Barrett et al. 1992 , Rohde et al. 1993 , Barrett et al. 1994 , Peleg 1997 . Power spectra were obtained by the fast Fourier transform algorithm (with Hamming window applied), and averaged within two specific frequency ranges; the frequency range was divided into 64 segments (each segment consists of 16 spectrums) and averages within the second and third segments were calculated.
Sensory testing
The sensory testing panel consisted of 10 women and men (ages, 29-48 y), all affiliated with the National Institute of Vegetable and Tea Science. Before the sensory test, each panelist received both written and verbal instructions on the evaluation procedure and practiced the procedure on four cucumber fruits. After the preliminary practice testing, the sensory test was carried out once a day for 3 days in the way hereinafter prescribed.
Each sensory test was carried out on five large fruits of different cultivars weighing approximately 200 to 400 g, instead of on young fruits of about 100 g, so that a sufficient number of slices could be prepared. On the day before each test day, we sampled about one or two large fruits from each cultivar. Each fruit was wrapped completely in a polyethylene bag to maintain a high humidity, and stored at 10°C in the refrigerator. On each test day, we obtained a transverse slice (about 15 mm thick) from the mid-region of each fruit, and investigate its texture by the mechanical measurement described above. Five fruits used in the sensory test were then chosen from them as to represent wide variation in the flesh texture parameters; the first sensory test: 'Kyuri chukanbohon nou 4' (233 g), 'High Green 21' (281 g), 'Sagamihanjiro' (398 g), EN10-FL (269 g) and 'Kyuan 1' (267 g), and second test: 'Kyuri chukanbohon nou 4' (324 g), 'Aofushinari' (221 g), 'Sagamihanjiro' (396 g), 'Freedom House 2' (305 g) and 'Kyuan 1' (324 g), and third test: 'Kyuri chukanbohon nou 4' (386 g), 'Tokiwa' (362 g), 'Sagamihanjiro' (395 g), 'Hisaki' (358 g) and 'Kyuan 1' (346 g). Since the large fruits tended to have seeds in their placentas and firmer skins than young fruits of about 100 g, we used only the flesh of the fruits in this test. This is also suitable for our aim of evaluating fruit crispness, because fruit crispness of cucumber is largely attributable to the texture of flesh part.
To elucidate the differences among the fleshes of the five fruits, we used Nakaya's modification (Sato 1985 ) of Scheffé's paired-comparison test (Scheffé 1952 ). Each panel member tested all possible pairs of fruit slices ( 5 C 2 = 10) from the different cultivars in no specific order. Two pairs (each comprising a reference slice and a test slice) were served during each session. Selection of the reference slice in each pair was randomized. Panel members were asked to taste the fleshy part of the reference and test slices alternately, and to evaluate the test slice in terms of their perception of its crispness. They recorded whether the test slice was subjectively higher or lower in crispness than the reference slice on a seven-point scale ranging from "much lower" (1) to "much higher" (7), with the center value labeled "same as reference". These values were converted to integers ranging from −3 to +3. Based on resulting paired comparison matrix, we constructed psychological scale of the degree of crispness (i.e., sensory crispness score of each sample was calculated). The scores of the sensory crispness and the texture parameters of mechanical measurements for each fruits were used in the following statistical analyses.
Statistical analysis
We performed ANOVA using a model containing two main effects, that is, cultivar and cultivation period, and their interaction. Correlations between the texture parameters were analyzed by Pearson's product-moment correlation analysis. All data from the sensory tests were analyzed by ANOVA using a main effect (fruit), individual differences among panel members (panel), and deviation from subtractivity (analogous to interactions) as the source of variation according to Nakaya's modification of Scheffé's paired comparison. Simple linear regression was performed to determine whether there was a relationship between sensory crispness and the texture parameters. ANOVA was performed with the sensory test data using R software (R Development Core Team 2005), and all other statistical analyses were performed with JMP 4 software (SAS Institute Inc. 2000).
Results
The force-deformation curves were visually different among cultivars. Examples of original force-deformation curves and the corresponding second derivatives (crispness index), Richardson plots (apparent fractal dimension), and power spectra are shown in Figure 2 . These texture parameters seemed to reflect differences in the jaggedness of the original curves: that is, the visually more jagged curves tended to yield high scores for crispness index, fractal dimension, and power spectrum averages (Fig. 2) . Typically, the forcedeformation curves for the placenta were smoother, and their average forces were lower, than those for the flesh. In addition, force-deformation curves for the placenta showed narrower variation in degree of jaggedness than those for flesh, with fewer peaks and lower values for the crispness index, fractal dimension, and power spectrum averages.
Correlation analyses revealed that the crispness index, apparent fractal dimension, and the power spectrum averages were significantly correlated with the number of peaks for both the placenta and flesh (Table 3) . Moreover, these texture parameters were also significantly correlated with each other (Table 3) . Because the number of peaks is a direct indicator of the jaggedness of the force-deformation curve, these texture parameters (hereafter referred to as jaggedness parameters) can also be used to efficiently evaluate the degree of jaggedness of the force-deformation curve for cucumber fruit. In contrast, the average puncturing force (i.e., firmness) was significantly correlated with the jaggedness parameters (except for apparent fractal dimension) for the placenta only. That is, a firmer placenta tended to have higher jaggedness parameter values. However, there was no significant correlation between the average puncturing force and the jaggedness parameters for flesh, clearly indicating that jaggedness parameters indicate a different texture than firmness of flesh.
We found significant differences in the texture parameters of placenta and flesh among the 12 cucumber cultivars (Table 1 and Table 2 ). The effects on several texture parameters of cultivation period and the cultivar × cultivation period interaction were also significant (Table 1 and Table 2 ).
For placenta, the ANOVA F value of the cultivar effect was highest for average puncturing force among the texture parameters. In comparison, for flesh, all F values of the cultivar effect for texture parameters were large, except that for average drop-off. In addition, F values of the cultivar effect for the jaggedness parameters were higher than that for the average puncturing force. Wide variation was observed in the average puncturing force for both placenta and flesh, and in the crispness index and apparent fractal dimension (based on Richardson plot method) for flesh among the 12 cultivars and among the three cultivation periods (Fig. 3) . The jaggedness parameters tended to be higher with autumn cultivation than with the other two cultivation periods (Fig. 3) .
The ANOVA results for the sensory test data revealed that the main sensory crispness effect (fruit) was significant in the three sensory tests (P < 0.01 with Bonferroni's correction). The effects of individual differences among panel members were also significant (P < 0.05), but the deviations from subtractivity were not significant in the three sensory tests. We found positive, linear relationships between the main sensory crispness effect (fruit) and several jaggedness parameters, namely, the crispness index, the average dropoff, the apparent fractal dimension, and the power spectrum averages (Table 4) . Among the texture parameters, crispness index and the apparent fractal dimension (especially, the box counting method) showed the strongest relationship with sensory crispness, because sensory crispness and crispness index were correlated with high r 2 values in two of the three sensory tests (Fig. 4) . *** Significant at the 0.1% probability level. DF, degrees of freedom; MS, mean squares; F, F ratio. crispness index (CI), number of peaks (NP), average drop-off (AD), average puncturing force (APF), crispness work (CW), apparent fractal dimensions based on the Richardson plot (FDR) and box counting method (FDK), and averages within the second (APS1) and third (APS2) segments of the power spectrum.
Discussion
We were able to use analytical methods based on the forcedeformation curve to efficiently quantify cucumber fruit texture. The cereal food industry has long recognized the importance of quantifying textures such as firmness and crispness and has developed several efficient methods for that purpose (Peleg 1997 , Roudaut et al. 2002 . Quantification techniques based on instrumental measurements have some advantages, especially in industrial environments, where more convenient and cheaper methods than sensory evaluation are in great demand and economically more profitable. Moreover, these techniques provide objective and common measures that can be efficiently described in scientific communications for disseminating results, such as those of preand postharvest studies of cucumber and other fruit vegetables, although their application to fruit texture is still quite preliminary. For this reason, we applied several quantification methods developed for processed cereal food evaluations to the evaluation of cucumber fruit texture and assessed the efficacy of these methods. Although we expected to observe less variation in texture in cucumber than in cereal food, we successfully used these quantification methods to detect significant differences among cultivars. While a clear statement of the superiority of one indicator over the others would make for a resounding conclusion, this is not possible from our results. Among the quantification methods used, peak analysis is the simplest and the resulting values are easy to understand. The crispness index, apparent fractal dimension, and power spectrum averages are somewhat complex parameters based on different mathematical approaches, but these parameters are similar to each other in that they evaluate the degree of jaggedness of the forcedeformation curve. There were significant cultivar effects on almost all texture parameters (Table 1 and Table 2 ), and linear relationships between jaggedness parameters and sensory crispness-in particular the crispness index and fractal dimension based on the box counting method (Fig. 4 and Table 4 ). These results indicate that these parameters can be used efficiently to evaluate fruit crispness, or physical properties closely linked to crispness, in cucumber. With regard to the power spectrum, however, there are no clear guidelines for selecting the cutoff frequency for jaggedness assessment, unlike with most filtering applications in engineering. Peleg (1997) recommended that at least two cutoff frequencies should be used for mutual verification, since an element of arbitrariness or subjectivity can enter the analysis when only part of the spectrum is used.
Cultivars differed significantly in the fruit texture parameters of both placenta and flesh. Although this study was not CI, crispness index; NP, number of peaks; AD, average drop-off; APF, average puncturing force; CW, crispness work; FDR and FDK, apparent fractal dimensions based on the Richardson plot and box counting method, respectively; APS1 and APS2, averages within the second and third segments of the power spectrum, respectively. Correlation coefficients in bold italics are significant at the 5% probability level. Fig. 3 . Differences in fruit texture parameters among the 12 cultivars (1, 2, 'Kyuan 1'; 3, 'Tokiwa'; 4, 'Aofushinari'; 5, 6, 'Shindome'; 7, 'Kyuri chukanbohon nou 4'; 8, 'Natsufushinari'; 9, 'Sagamihanjiro'; 10, 'Hisaki'; 11, 'High Green 21'; 12, 'Freedom House 2') , and among the three cultivation periods (S, spring; ES, early summer; A, autumn). designed to estimate heritability, our significant cultivar effects on the texture parameters obtained by ANOVA indicate that there are clearly genetic components to both placenta and flesh texture. Breeding efforts have focused on fruit texture, especially directed towards improving crispness, in Japan. In our mechanical test, the latest commercial F 1 hybrid cultivars tended to have a high score in crispness parameters compared with old Japanese cultivars, although there was no clear difference in firmness (Fig. 3) . The difference between the old and latest cultivars in crispness parameters was due to past breeding efforts. In other words, breeding efforts to improve fruit crispness were successful.
Placenta and flesh differ in two major points. First, the cultivar effects on the jaggedness parameters for placenta were much smaller than those for flesh. Second, there was a significant correlation between firmness and crispness texture parameters for placenta, but not for flesh. Compared with the flesh, the placenta is extremely soft, and the plunger can penetrate it smoothly. This relative softness led to subtler differences in the jaggedness parameters for placenta than for flesh among cultivars, and strengthened the relative effect of firmness on the degree of jaggedness of the forcedeformation curves. In contrast, the flesh, which is much firmer than the placenta, showed wide variation in the degree of jaggedness of the force-deformation curves, but its firmness was not significantly correlated with the degree of jaggedness. The lack of any significant correlation between firmness and crispness parameters suggests that one or more different genes may be involved in the development of flesh firmness and crispness.
Environmental factors were also important, because the fruit texture parameters differed significantly among cultivation periods, and interaction between cultivars and cultivation period was observed, especially with regard to firmness (Table 1 and Table 2 ). We could not determine whether the differences among culture conditions in this study were due purely to seasonal environmental differences or also to unanticipated differences (human error) in cultivation management, since we investigated fruit texture only once in each season and did not record detailed information on culture conditions. In any case, breeders should pay attention to the negative effects of environmental factors on efficiency of selection for fruit textures, because most breeders repeat cultivation and selection more than once a year, as in this study. In the case of fruit crispness, however, the rank order of cultivars was not very different among the three cultivation periods, indicating that breeders may get more reliable selection results by using the rank order of the parameters.
An indicator that is suitable for use in breeding experiments to improve fruit texture must meet three general requirements. First, the value of the indicator must be under genetic control. Second, differences in the value of the indicator must be reflected in human evaluations of the fruit. Finally, it is preferable if the values can be easily and quickly measured. Several researchers have investigated genotypic effects and heritability of fruit firmness by means of crossing experiments, and have concluded that firmness, including that of the placenta, flesh, and skin, is genetically controlled (Peterson et al. 1978, Kanno and Kamimura 1980) . Furthermore, fruit firmness can be easily measured with standard instruments, and several researchers have demonstrated a close relationship between instrument measurement results and human sensory evaluations of firmness (Jeon et al. 1973 , Thompson et al. 1982 . Therefore, instrument measurements of fruit firmness meet the requirements for an indicator suitable for use in breeding experiments. In this study, we demonstrated that texture parameters obtained by analyzing the force-deformation curve-namely, the crispness index, the apparent fractal dimension, the power CI, crispness index; NP, number of peaks; AD, average drop-off; APF, average puncturing force; CW, crispness work; FDR and FDK, apparent fractal dimensions based on the Richardson plot and box counting method, respectively; APS1 and APS2, averages within the second and third segments of the power spectrum, respectively. Fig. 4 . Relationships between the crispness index and sensory crispness evaluated by using Nakaya's modification of Scheffé's pairedcomparison test.
spectrum, and several peak analysis indices-also satisfy the requirements for a breeding indicator. That is, there was a significant genotypic (cultivar) effect on these indices, as well as a strong relationship between several of these texture parameters and human textural evaluations of crispness. Moreover, these parameters can be easily and quickly calculated by using computer programs and values obtained from the force-deformation curve. Especially, the crispness index can be calculated using spreadsheet software without requiring a complex mathematical formula. Therefore, breeding projects to improve fruit texture can efficiently use these parameters as indicators of a cultivar's value for breeding. In conclusion, we described several methods of analyzing force-deformation curves to evaluate differences in fruit texture among cucumber cultivars. As indicated by previous studies of cereal foods, methods of evaluating the degree of jaggedness of the force-deformation curve are efficient alternatives to the human sensory method of evaluating crispness. Likewise, several parameters, especially the crispness index and fractal dimension based on the box counting method, have strong linear relationships with sensory crispness in cucumber fruit. We conclude, therefore, that these analytical methods based on the force-deformation curve provide effective, quantitative indicators of cucumber fruit crispness, and they have considerable promise for application in scientific research and breeding programs.
